Hyperaccumulation is the intriguing capacity exhibited by 0.2% of plant species to accumulate trace elements from the soil to concentrations greater than 100-1000 times those in the surrounding vegetation ( Rascio and Navari-Izzo, 2011 ) . The minimum concentration for a plant to be considered a hyperaccumulator varies depending on the element in question and is 0.01% of dry mass (DW) for cadmium (Cd), 0.1% for arsenic (As), copper (Cu), cobalt (Co), lead (Pb), nickel (Ni), and selenium (Se) and 1% for manganese (Mn) and zinc (Zn; Baker et al., 2000 ; Krämer, 2010 ) . Hyperaccumulators have been found in at least 515 taxa from 60 plant families ( Cappa and PilonSmits, 2014 and references therein), suggesting hyperaccumulation evolved independently in different taxa. To date, there are relatively few studies that have examined the evolution of hyperaccumulation within a clade. This study addresses the evolution of Se hyperaccumulation within the genus Stanleya (Brassicaceae). Beyond the basic scientifi c value of understanding the evolution of this fascinating trait, we can potentially use hyperaccumulators or their genes for phytoremediation (environmental cleanup using plants) and/or biofortifi cation (nutrientenhanced dietary material).
Hyperaccumulation is the intriguing capacity exhibited by 0.2% of plant species to accumulate trace elements from the soil to concentrations greater than 100-1000 times those in the surrounding vegetation ( Rascio and Navari-Izzo, 2011 ) . The minimum concentration for a plant to be considered a hyperaccumulator varies depending on the element in question and is 0.01% of dry mass (DW) for cadmium (Cd), 0.1% for arsenic (As), copper (Cu), cobalt (Co), lead (Pb), nickel (Ni), and selenium (Se) and 1% for manganese (Mn) and zinc (Zn; Baker et al., 2000 ; Krämer, 2010 ) . Hyperaccumulators have been found in at least 515 taxa from 60 plant families ( Cappa and PilonSmits, 2014 and references therein), suggesting hyperaccumulation evolved independently in different taxa. To date, there are relatively few studies that have examined the evolution of hyperaccumulation within a clade. This study addresses the evolution of Se hyperaccumulation within the genus Stanleya (Brassicaceae). Beyond the basic scientifi c value of understanding the evolution of this fascinating trait, we can potentially use hyperaccumulators or their genes for phytoremediation (environmental cleanup using plants) and/or biofortifi cation (nutrientenhanced dietary material).
While different physiological mechanisms (transporters and/ or chelators) are likely the basis for hyperaccumulation in different plant species, two traits are commonly associated with hyperaccumulation. Hyperaccumulating plants are typically hypertolerant to the high tissue levels of the accumulated element and tend to translocate a relatively high fraction of the element to the shoot. For example, the Zn hyperaccumulator Noccaea caerulescens (J.Presl & C.Presl) F.K.Mey (formerly known as Thlaspi caerulescens) exhibited 10 times greater root-to-shoot Zn translocation when compared with the nonhyperaccumulator Thlaspi arvense L. ( Lasat et al., 1996 ) . Similarly, a Cd hyperaccumulator ecotype of Sedum alfredii Hance showed 10-fold greater translocation compared with a nonhyperaccumulator ecotype ( Lu et al., 2008 ) , and an As hyperaccumulator Pteris vittata L. showed higher As translocation to the shoot system when tested against Nephrolepis exaltata (L.) Schott, a nonhyperaccumulator ( Tu and Ma, 2005 ) . Interestingly, hypertolerance and hyperaccumulation were shown to be controlled by different organs in the hyperaccumulator N. caerulescens : a grafting experiment indicated that hyperaccumulation is controlled by the roots, whereas hypertolerance is controlled in the shoots ( Guimarães et al., 2009 ) .
A large proportion of hyperaccumulators is found in the Brassicaceae, which contain at least 80 Ni hyperaccumulators as well as hyperaccumulators of As, Cd, Se, and Zn. Due to multiple independent origins of hyperaccumulation, these members constitute a polyphyletic group within the Brassicaceae • Premise of study: Selenium (Se) hyperaccumulation, the capacity to concentrate the toxic element Se above 1000 mg·kg −1 ·dry mass, is found in relatively few taxa native to seleniferous soils. While Se hyperaccumulation has been shown to likely be an adaptation that protects plants from herbivory, its evolutionary history remains unstudied. Stanleya (Brassicaceae) is a small genus comprising seven species endemic to the western United States. Stanleya pinnata is a hyperaccumulator of selenium (Se). In this study we investigated to what extent other Stanleya taxa accumulate Se both in the fi eld and a greenhouse setting on seleniferous soil.
• Methods: We collected multiple populations of six of the seven species and all four varieties of S. pinnata . We tested leaves, fruit, and soil for in situ Se and sulfur (S) concentrations. The seeds collected in the fi eld were used for a common garden study in a greenhouse.
• Key results: We found that S. pinnata var. pinnata is the only hyperaccumulator of Se. Within S. pinnata var. pinnata , we found a geographic pattern related to Se hyperaccumulation where the highest accumulating populations are found on the eastern side of the continental divide. We also found differences in genome size within the S. pinnata species complex.
• Conclusions: The S. pinnata species complex has a range of physiological properties making it an attractive system to study the evolution of Se hyperaccumulation. Beyond the basic scientifi c value of understanding the evolution of this fascinating trait, we can potentially use S. pinnata or its genes for environmental cleanup and/or nutrient-enhanced dietary material.
properties. This genus-level approach allows for the development of questions about the evolution of Se hyperaccumulation in a phylogenetic context and for future comparative studies concerning the physiology of Se hyperaccumulation in Stanleya . The questions we addressed in this study are (1) To what degree do the different taxa in Stanleya accumulate Se, both in their natural habitat and in a common garden experiment? (2) Do the different Stanleya taxa differ in S uptake? (3) Which taxa exhibit characters commonly associated with Se hyperaccumulation, i.e., high Se to S ratios and high Se shoot to root ratios?
MATERIALS AND METHODS
Stanleya was sampled at the population level, with at least three populations, when possible, sampled for each taxon and a minimum of three individuals sampled from each population. For this study, all four varieties of S. pinnata were sampled and treated as distinct taxa. Fewer individuals were sampled for S. albescens (populations 2 and 3 were pooled at the time of collection due to the low amount of seed and leaf material available), S. bipinnata Greene (only two populations were located) and S. pinnata var. texana (only one population was sampled due to an extensive drought in SW Texas). Collection sites were chosen based on information from herbaria (Harold M. Tucker Herbarium, Oregon State University Herbarium, Rocky Mountain Herbarium, and Sul Ross State University Herbarium). Leaf, seed, soil and specimens for herbarium vouchers were collected from each site, except S. pinnata var. texana where only soil and leaf samples were obtained because no plants were fruiting at the time of collection. Soil collections were 1 cm below the surface next to the stem after aboveground litter was removed. Leaves were preserved using silica crystals, and whole fruits were removed; both were stored at room temperature. Voucher specimens were deposited in the Colorado State University Herbarium (Appendix 1). A total of 149 individuals were collected, representing all four varieties of S. pinnata , six of the seven species of Stanleya , and Thelypodium laciniatum Endl., to use as an outgroup (the inferred sister genus of Stanleya , Ihsan Al-Shehbaz, Missouri Botanical Garden, personal communication). Stanleya confertifl ora , a rare endemic (http://orbic.pdx.edu/rte-species.html) in Oregon and Idaho, was not sampled.
Ploidy level was determined for 79 individuals from 32 populations via fl ow cytometry analysis at Plant Cytometry Services (Schijndel, The Netherlands). Fresh material was used when available; otherwise, silica-dried leaves collected in the fi eld were used.
Of the 149 plants sampled, in situ elemental concentrations were determined for 128 individuals' leaves and fruit as well as 129 plant-associated soil samples using inductively coupled plasma-atomic emission spectroscopy (ICP-AES) as described below.
Brassica juncea (L.) Czern. (Indian mustard, accession no. 173874), was originally obtained from the North Central Regional Plant Introduction Station, Ames, Iowa, United States.
For each taxon, seeds from the individual with the highest seed Se concentration in the fi eld were used for a common-garden experiment on seleniferous soil in a greenhouse. This selection was made because Stanleya taxa are known to show substantial within-taxon variation in Se accumulation ( Beath et al., 1940 ; Feist and Parker, 2001 ) , and pilot experiments where we sampled from multiple populations resulted in very uneven variances between taxa (data not shown). The germination rates varied and, therefore, between 5 and 20 individuals were sampled from each taxon. Taxa with 20 individuals sampled include Brassica juncea (outgroup species), S. elata and S. pinnata var. inyoensis. Seventeen individuals were sampled for S. viridifl ora , 16 for S. pinnata var. pinnata , 13 for S. pinnata var. integrifolia , 6 for S. albescens , and 5 for both S. tomentosa and T. laciniatum . No seeds of S. bipinnata germinated; therefore, this taxon was not included in the greenhouse study.
The seeds were incubated at 4 ° C for 48 h in water to promote germination before being directly sown on the soil. The soil was collected from the Pine Ridge Natural Area on the west side of Fort Collins, Colorado, USA. This soil is naturally seleniferous (for soil properties see El Mehdawi and Pilon-Smits [2012] ) and harbors two large populations of S. pinnata var. pinnata . To optimize drainage, we mixed the seleniferous soil with washed Turface (Pennington, Madison, Georgia, USA) in a 3/4 soil 1/4 Turface mixture, which brought the fi nal pH to 6.5 (original pH was 7.5). The plants were grown (one plant per pot) for 3 mo in the greenhouse. The plants were watered with 1/2 strength ( Krämer, 2010 ) . The large amount of genetic information available for this family makes members of the Brassicaceae attractive models to study the complex evolution of elemental hyperaccumulation and tolerance. The Brassicaceae have high sulfur (S) levels and unique S compounds, and since reduced S compounds like glutathione and phytochelatins play a role in metal complexation and detoxifi cation, these compounds may contribute to their capacity to accumulate and tolerate toxic elements ( Cobbett and Goldsbrough, 2002 ) .
Considering the propensity of Brassicaceae to accumulate high S levels and that Se is atomically similar to S, it is not surprising that the Brassicaceae also contain a genus that can hyperaccumulate Se: Stanleya Nutt. Previous studies have demonstrated substantial variation in Se accumulation within Stanleya from undetectable to >2000 mg·kg −1 DW ( Beath et al., 1939a ( Beath et al., , b , 1940 Feist and Parker, 2001 ; Freeman and Bañuelos, 2011 ) , making this group a potential model system to study the evolution of Se hyperaccumulation and hypertolerance.
Selenium hyperaccumulation is defi ned as having minimal tissue concentrations 0.1%, or 1000 mg Se·kg −1 DW ( Terry et al., 2000 ) . Selenium hyperaccumulators, such as Stanleya pinnata (Pursh) Britton (prince's plume), accumulate Se up to 0.5% of their dry mass while growing in their natural habitat on seleniferous soil, several orders of magnitude higher than the surrounding vegetation ( Galeas et al., 2007 ) .
Because of the similarity of Se and S, most plants nonspecifically take up selenate from the environment by means of sulfate transporters and assimilate selenate into organic forms of Se via S metabolic pathways ( Terry et al., 2000 ) . A key to the extreme Se tolerance of Se hyperaccumulators is their capacity to incorporate Se into the nonprotein organic acids, such as methyl-selenocysteine (Me-SeCys) and seleno-cystathionine, thereby preventing Se incorporation into proteins and its associated toxicity ( Terry et al., 2000 ) . Selenium hyperaccumulators also differ from most plants in that they tend to have higher shoot-to-root Se ratios and unusually high shoot Se to S ratios; therefore, they appear to preferentially take up Se over S ( White et al., 2007 ) . Stanleya pinnata has been recognized as a Se hyperaccumulator for over 70 yr and exhibits all of the above physiological properties ( Beath et al., 1939a ; Feist and Parker, 2001 ; Freeman et al., 2006 ) .
Stanleya comprises seven species, and one of these, S. pinnata , is divided into three varieties ( Holmgren et al., 2005 ; Al-Shehbaz, 2010 ) . Holmgren et al. (2005) recognized var. integrifolia (E.James) Rollins, var. inyoensis (Munz & Roos) Reveal, and var. pinnata in the Intermountain Flora , while AlShehbaz (2010) recognized var. integrifolia , var. pinnata , and var. texana B.L.Turner in Flora North America . Hence, those two workers disagree as to whether var. inyoensis should be recognized as a distinct taxon. All seven Stanleya species are endemic to the western United States ( Fig. 1A, C ) . Stanleya pinnata occurs in most western states and has the largest range within the genus. Within Stanleya pinnata , var. pinnata has a large range, and the other varieties are sympatric with it, but not with each other. Stanleya pinnata var. texana is the only variety of S. pinnata that is allopatric relative to the rest of the genus; it occurs only in Brewster County in SW Texas, 500 km from the nearest population of other Stanleya taxa ( Turner, 2004 ) . The other six Stanleya species have narrower ranges; four are found in fewer than 10 counties: S. albescens M.E.Jones, S. confertifl ora Howell, S. elata M.E.Jones, and S. tomentosa Parry.
To date, there has not been a comprehensive study as to which species in Stanleya hyperaccumulate Se and whether the varieties within S. pinnata share the same Se hyperaccumulation the fi eld, the Se levels were below the reliable detection limit of 5 mg·kg −1 DW (50 ppb in acid digest) and were changed to half the detection limit for statistical analysis.
RESULTS
A total of 149 individual plants were collected from 41 populations ( Fig. 1A, C ) . These individuals represent nine of the 10 taxa of Stanleya and a closely related species, T. laciniatum . The exact population coordinates are given in Appendix S1 (see Supplemental Data with the online version of this article). As a fi rst characterization of Stanleya , we tested for polyploidy. We found all species except S. pinnata to be diploid. Within S. pinnata , we found S. pinnata var. integrifolia and var. inyoensis to be tetraploid, S. pinnata var. texana to be diploid, and S. pinnata var. pinnata composed of both diploids and tetraploids ( Fig.  1B ) . Interestingly, within S. pinnata , we found the tetraploids on the western slope of the Rocky Mountains and the diploids on the eastern slope, separated by the continental divide, with the exception of one tetraploid population on the eastern slope, near the Great Divide Basin ( Fig. 1B ) . The soil Se levels east of Hoagland's solution ( Hoagland and Arnon, 1938 ) for the fi rst 2 wk and with plain tap water for the following 2.5 mo. At the time of harvest, samples were taken from directly around the apical meristem (young leaves) as well as 3-5 nodes below the meristem, i.e., the fi rst fully expanded leaf (mature leaves). The mature leaves of B. juncea were senesced at the time of harvest, allowing us to only collect young leaves for this taxon. The roots were washed and excess Turface removed before analysis.
Elemental analysis -Field samples tested for Se and S concentrations included mature silica-dried leaves, untreated whole fruits and sieved soil. The greenhouse leaves and roots were dried at 50 ° C for 48 h. All samples were digested using nitric acid following Zarcinas et al. (1987) . The digested tissues were analyzed via inductively coupled plasma atomic emission spectroscopy (ICP-AES) as described by Fassel (1978) .
Statistical analysis -All fi eld and greenhouse data had unequal variances that were not normally distributed. Log and square-root transformations did not solve either of these statistical issues, and therefore all data were analyzed via a nonparametric Kruskal-Wallis multiple-comparisons test in the program R (version 2.15.1) in the package pgirmess (version 1.3.8; Giraudoux, 2006 ) with a Bonferroni adjustment. Field correlations were tested using Spearman's rank correlation. Graphs were produced in the package ggplot (version 0.9.0; Wickham, 2009 ) . A Student t test in Excel was used to test for differences between Se and S ratios within the same species. For some tissue samples collected in six other taxa (Kruskal-Wallis χ 2 = 91.29, df = 8, p < 0.001; Table 1 ). The fruit to leaf Se concentration ratio ( Fig. 2 ) was higher for S. pinnata var. pinnata and S. pinnata var. integrifolia than for S. elata (Kruskal-Wallis χ 2 = 37.98, df = 8, p < 0.001). The opposite pattern was observed for the S ratio, which was higher in S. elata and S. tomentosa than in S. pinnata var. pinnata, S. pinnata var. integrifolia and S. albescens (KruskalWallis χ 2 = 50.78, df = 8, p < 0.001). Furthermore, four taxa ( S. pinnata vars. pinnata and integrifolia , S. viridifl ora , and T. laciniatum ) had higher Se movement to the fruits relative to S movement ( Table 2 ).
Finally, we tested whether the variation in tissue Se concentration within and between taxa was correlated with Se levels in the soil or with S levels in the same tissue (Appendix S2, see online Supplemental Data). There was a signifi cant positive correlation between Se levels in the leaves and Se concentration in the soil for S. bipinnata , S. elata , and S. pinnata var. inyoensis . Furthermore, fruit and soil Se levels were positively correlated for S. bipinnata and negatively correlated for S. pinnata var. inyoensis. The same three taxa, S. bipinnata , S. elata , and S. pinnata var. inyoensis had positive correlations in the leaf tissues for Se and S, while S. pinnata var. pinnata and S. tomentosa both had negatively correlated Se and S levels in the fruits.
Selenium accumulation in the greenhouse -To minimize environmental effects when comparing Se accumulation within Stanleya , we conducted a common-garden experiment on seleniferous soil under controlled greenhouse conditions. Seven Stanleya taxa, including three S. pinnata varieties, were compared with each other and with the outgroup species, T. laciniatum and B. juncea . The Se concentration was on average 4-5-fold higher in young leaves than in mature leaves and roots ( Fig. 3A-C ) . The taxa differed signifi cantly from each other with respect to Se levels in young leaves (Kruskal-Wallis; χ 2 = 48.25, df = 8, p < 0.001), mature leaves (Kruskal-Wallis χ 2 = 41.69, df = 7, p < 0.001) as well as roots (Kruskal-Wallis; χ 2 = 37.99, df = 8, p < 0.001). In young leaves ( Fig. 3A ) , S tanleya pinnata var. pinnata had the highest concentration of Se, which was 13-fold greater than the lowest accumulator, S. tomentosa . Within the S. pinnata species complex, there was 2-3-fold variation in Se accumulation. In mature leaves ( Fig. 3B ) , the differences in Se levels between the taxa were not the same as observed in young leaves. Stanleya viridifl ora had the highest the continental divide, the area where the diploids occur, are overall higher relative to the soils west of the divide as judged by U.S. Geological Survey Se soil data ( Fig. 1D ).
Selenium accumulation in the fi eld -Our fi eld-collected samples were signifi cantly different among species for Se concentrations in both organs tested (leaves, Kruskal-Wallis χ 2 = 45.84, df = 9, p < 0.001; fruits, Kruskal-Wallis χ 2 = 89.02, df = 8, p < 0.001; Table 1 ). Only S. pinnata var. pinnata reached hyperaccumulator levels of Se, while all other individuals tested were below the threshold of 1000 mg·kg −1 DW to be considered a Se hyperaccumulator. S tanleya pinnata var. pinnata had on average 12-fold higher Se in the leaves and 8-fold higher Se concentration in the fruits than the second highest Se accumulating taxon, S. tomentosa ( Table 1 ). Within S. pinnata var. pinnata , there was substantial variation in total Se levels in the tissues sampled, both between populations and within populations, with populations collected on the eastern side of the continental divide having signifi cantly higher Se concentrations in leaves ( t test, t = 2.04, df = 31, p = 0.049) and fruits ( t test, t = 3.02, df = 35, p = 0.005) compared with those from the western side. In contrast to Se, there were no signifi cant differences in S levels of leaves or fruits between eastern and western populations of S. pinnata var. pinnata .
Sulfur accumulation in the fi eld -Sulfur levels differed signifi cantly across taxa for both organs tested (leaves, KruskalWallis χ 2 = 27.68, df = 9, p = 0.001: fruits, Kruskal-Wallis χ 2 = 61.62, df = 8, p < 0.001). The differences in S concentrations were not as pronounced as those in Se: Stanleya bipinnata had the highest average leaf S level, which was only 2-fold higher than the lowest leaf S levels found in S. viridifl ora Nutt. ( Table 1 ). In the fruits, the highest S levels were found in T. laciniatum and were 4-fold higher than the lowest fruit S concentrations found in S. albescens . Interestingly, the translocation across organs was different for S and Se: there was more S in the leaves than the fruits in all taxa, while Se was higher in fruits than leaves. Because of this trend, the Se to S ratio was greater in fruits than leaves for all taxa except S. elata ( Table 1 ) .
Tissue selenium to sulfur ratios in the fi eld -The leaf Se to S ratio in S. pinnata var. pinnata was signifi cantly higher than three of the other taxa (Kruskal-Wallis χ 2 = 38.09, df = 9, p < 0.001), and its fruit Se to S ratio was signifi cantly higher than in Se. Brassica juncea had the highest S concentration ( Fig. 3D ). In the mature leaves ( Fig. 3E ) , S levels were significantly different between taxa. Similar to Se, S. viridifl ora had the highest S level in mature leaves. Within S. pinnata , there was also signifi cant variation: var. integrifolia had a 2.6-fold higher S concentration than var. inyoensis . Root S levels varied 4-fold, with B. juncea showing a signifi cantly lower level of S compared to all taxa except S. viridifl ora and S. tomentosa ( Fig. 3F ) .
Tissue selenium to sulfur ratios in the greenhouse -The ratio of Se to S is a trait commonly associated with Se hyperaccumulation ( White et al., 2007 ) . The Se to S ratios of the taxa are presented in Fig. 3G-I . In the young leaves, there were significant differences between species as well as within the S. pinnata complex (Kruskal-Wallis χ 2 = 53.58, df = 8, p < 0.001). Stanleya level of Se, which was 4-6-fold higher than those found in the three lowest accumulators. Root Se concentration showed signifi cant differences not only between species but also within S. pinnata ( Fig. 3C ) . Stanleya pinnata var. pinnata had the highest root Se concentration, which was 4-5-fold higher than that in the two lowest Se accumulators.
Sulfur accumulation in the greenhouse -Sulfur levels were approximately 3-fold lower in roots than leaves. In contrast to Se, S levels were similar in young and mature leaves ( Fig. 3D-F ) . The S concentrations differed signifi cantly between the taxa in young leaves (Kruskal-Wallis χ 2 = 43.33, df = 8, p < 0.001), mature leaves (Kruskal-Wallis χ 2 = 57.00, df = 7, p < 0.001) as well as roots (Kruskal-Wallis χ 2 = 62.75, df = 8, p < 0.001). In young leaves, there was a 2-fold variation in S levels; thus the variation in S concentration was much smaller than the variation Selenium and sulfur translocation ratios -As a proxy for translocation of Se and S in the plant, the ratios for each of these elements were calculated for young leaves relative to mature leaves, for young leaves relative to roots and for mature leaves relative to roots ( Fig. 4 ) . We analyzed all three ratios to differentiate between xylem and phloem mediated translocation. The resulting ratios were drastically different between Se and S, particularly within the shoot (young leaf to mature leaf, Fig. 4A, D ) . For Se ( Fig. 4A ) , there was a 30-fold variation between taxa (Kruskal-Wallis χ 2 = 31.86, df = 7, p < 0.001), pinnata var. pinnata had a 3-fold higher Se to S ratio than any of the other species ( Fig. 3G ) . When comparing the Se to S ratio in the mature leaves ( Fig. 3H ), S. elata had the highest ratio (Kruskal-Wallis χ 2 = 40.83, df = 7, p < 0.001). Within the S. pinnata complex, var. pinnata was signifi cantly different from var. integrifolia . In roots ( Fig. 3I ) , S. pinnata var. pinnata had the highest Se to S ratio and differed signifi cantly from S. pinnata var. integrifolia (Kruskal-Wallis χ 2 = 23.93, df = 8, p = 0.002). Thus, S. pinnata var. pinnata clearly stands out as the only taxon consistently having a high Se to S ratio in all tissues sampled. roots Se ratio, along with S. pinnata var. pinnata and var. inyoensis . Thus, B. juncea and T. laciniatum appear to have similar Se and S translocation rates, while all Stanleya species except for S. tomentosa translocated 5-6 times more Se than S ( Fig. 4B, E ) . Indeed, when Se and S ratios were compared within individual taxa, all Stanleya species showed signifi cant or near-signifi cant ( p < 0.1) differences between the two elements with respect to young leaves to roots Se ratios, while B. juncea and T. laciniatum did not ( Table 2 ) .
When comparing the movement of elements from the root system to the mature areas of the shoot ( Fig. 4C, F ) , there were 5-10-fold differences between taxa, and overall the ratios were similar for Se and S. Stanleya viridifl ora had the highest ratio for both Se and S. When Se and S ratios were compared within individual taxa ( Table 2 ) , S. pinnata var. pinnata and S. albescens showed signifi cant differences between Se and S with respect to ratios for mature leaves to roots; in both cases, the S ratio was greater than the Se ratio.
DISCUSSION
With the aim to investigate the occurrence of Se hyperaccumulation in Stanleya , the specifi c questions posed in this study were (1) to what degree do the different taxa in Stanleya accumulate while there was only a 2-fold difference for S (Kruskal-Wallis χ 2 = 40.64, df = 7, p < 0.001, Fig. 4D ). The taxa that stood out for their high Se ratio in young leaves to mature leaves were the entire S. pinnata complex as well as S. albescens . Note that S. albescens and S. pinnata var. integrifolia had extremely high variances; in each case, one plant had >100 × more Se in the young leaves relative to the mature leaves, whereas S levels were comparable. The concentration ratio for young to mature leaves was higher for Se than for S in all species except S. tomentosa and T. laciniatum . Four of the taxa showed significantly higher ratios for young to mature leaves ratios for Se than for S: the three S. pinnata varieties and S. viridifl ora (for p -values see Table 2 ).
The shoot to root ratios differed less dramatically between Se and S than the within-shoot ratios ( Fig. 4 ) . The taxa differed with respect to the ratio of Se in young leaves to roots (KruskalWallis χ 2 = 31.68, df = 8, p < 0.001, Fig. 4B ), Se ratio in mature leaves to roots (Kruskal-Wallis χ 2 = 21.75, df = 7, p = 0.002, Fig. 4C ), S ratio in young leaves to roots (Kruskal-Wallis χ 2 = 68.23, df = 8, p < 0.001, Fig. 4E ) and S ratio in mature leaves to roots (Kruskal-Wallis χ 2 = 53.93, df = 7, p < 0.001, Fig. 4F ). The S ratio for young leaves to roots was roughly similar for all members of the genus Stanleya and their closest relative, T. laciniatum , but B. juncea had a signifi cantly (4-6 fold) higher ratio ( Fig. 4E ). Brassica juncea also had a high young leaves to lower, for both the young leaves to roots ratio and the young leaves to mature leaves ratio (1-fold). This stark difference between Stanleya and its closely related members of the Brassicaceae could be caused by Se-specifi c transporters of Se and S isologs. It is also possible that Se and S are translocated in different forms in Stanleya . The apparent propensity in Stanleya species to differentiate between Se and S may be an evolutionary precursor or even a prerequisite for Se hyperaccumulation.
Based on Se concentrations of fi eld-collected tissue (average Se concentration in the fruit), there appear to be roughly four groups: (1) S. pinnata var. pinnata (>1000 mg Se·kg −1 DW); (2) S. tomentosa and (to a lesser extent) S. bipinnata (>80 mg Se·kg −1 DW); (3) S. pinnata var. integrifolia , S. albescens , S. viridifl ora (>50 mg Se·kg −1 DW); and (4) S. pinnata var. inyoensis , S. elata , and the outgroup T. laciniatum (<25 mg Se·kg −1 DW). Thus, S. pinnata shows the entire range of Se-related physiology that we observed. Although S. pinnata var. pinnata stands out to some extent, there are no clearly distinguished groups in the common-garden experiment.
Given the differences in Se-accumulation patterns between fi eld and greenhouse, there appears to be a strong environmental component to Se (hyper)accumulation. Of course, soil Se levels were different for the fi eld-collected individuals, but this can only partially explain the observed variation in plant-tissue Se levels, since soil and tissue Se levels were correlated for only three of the nine taxa. Naturally seleniferous soil, including its microbial community, was used in the common-garden experiment. It may be that some of these microbes facilitated Se uptake across all species. The chemical species of Se and S may also differ between taxa in the fi eld, but these chemical species were assumed to be uniform in the soil for all taxa in the greenhouse experiment. Another important difference between the greenhouse and fi eld samples was that the greenhouse plants were grown for only 3 mo, whereas the plants in the fi eld were likely several years old based on their size and woodiness. It may take years for plants to reach Se hyperaccumulator levels when growing on seleniferous soil, which would explain why S. pinnata var. pinnata did not accumulate >1000 mg·kg −1 DW in the greenhouse.
Our fi nding that S. pinnata var. pinnata had leaf Se levels >1000 mg·kg −1 DW agrees with earlier reports from Beath et al. (1939a Beath et al. ( , b , 1940 . However, while Beath and coworkers also reported S. bipinnata to have leaf Se levels >1000 mg·kg −1 DW in the fi eld, this taxon did not stand out as a Se hyperaccumulator in our study. A possible explanation could be that this species has a large intraspecifi c variation in Se-accumulation properties, similar to S. pinnata , and that the populations sampled here are not the highest accumulators. We know of only fi ve populations of S. bipinnata that have been reported in herbarium records, and three of these have since disappeared due to development, leaving only the two sampled here. With the loss of these three potential ecotypes, the hyperaccumulation capacity may have been lost from the species.
There appears to be a large intraspecifi c variation within the S. pinnata clade, with S. pinnata var. pinnata being the only taxon that showed true hyperaccumulation; S. pinnata var. integrifolia showed lower Se accumulation and S. pinnata var. inyoensis even lower. The latter two varieties were both collected on the western side of the continental divide, in Utah/Wyoming and Nevada, respectively. Stanleya pinnata var. pinnata showed the highest levels of Se accumulation but also the largest variation in Se accumulation of all taxa examined. It also has the widest range ( Fig. 1A ) . Interestingly, the populations sampled Se, both in their natural habitat and in a common-garden experiment; (2) do the taxa differ in S levels; and (3) which taxa exhibit the properties commonly associated with Se hyperaccumulation, i.e., preferential uptake of Se over S (high Se to S tissue ratios) and high Se shoot to root ratios. The fi ndings of the study are that (1) the nine Stanleya taxa tested showed almost 100-fold variation in leaf Se accumulation and almost 300-fold variation in fruit Se accumulation in the fi eld. The taxa showed a 13-fold variation in Se levels in young leaves Se levels and 6-fold variation in mature leaves in the common-garden experiment; (2) the taxa differed 2.5-3-fold in leaf and fruit S levels in the fi eld and 2-to 2.5-fold in young and mature leaves in the greenhouse; (3) S. pinnata var. pinnata was the only taxon that exhibited Se hyperaccumulation levels exceeding 1000 mg·kg −1 DW and all of the Se hyperaccumulation characteristics, i.e., high Se to ratios, high Se shoot to root ratios. The other two varieties in the S. pinnata complex for which we have complete data did not meet the hyperaccumulator criterion. Thus, the intraspecifi c variation in Se-and S-related properties within the S. pinnata complex appears to be substantial.
These results are of signifi cance because this is the fi rst study to characterize Se accumulation across a genus in relationship with S both in the fi eld and under controlled conditions, and, as such, form a framework for further studies into the evolution of Se hyperaccumulation. The observed intraspecifi c variation in Se hyperaccumulation in the S. pinnata complex also opens the possibility of genetic studies using crosses between Se hyperaccumulators and nonaccumulators of the same species so as to identify quantitative trait loci for Se uptake, translocation, and assimilation, which may further enhance our understanding of the mechanisms of Se hyperaccumulation. In addition to the intrinsic value, the knowledge and alleles discovered in S. pinnata may be applicable to other plant species for phytoremediation and biofortifi cation.
Selenium mobilization to young leaves and reproductive tissues was particularly pronounced in the Se hyperaccumulator S. pinnata var. pinnata . ( Figs. 2A, 4A ) . In an earlier fi eld study, Se hyperaccumulators, S. pinnata and Astragalus bisulcatus A.Gray were also found to preferentially accumulate Se in young leaves and reproductive tissues ( Galeas et al., 2007 ) . The translocation of Se to the most valuable organs, young leaves and reproductive organs agrees with the elemental-defense hypothesis for hyperaccumulation, which states that hyperaccumulation serves to protect plants from herbivores ( Boyd and Martens, 1992 ) .
The hyperaccumulator, S. pinnata var. pinnata , not only showed evidence of preferential uptake of Se over S (as evidenced by its extremely high leaf Se to S ratio), but also of independent movement of Se and S in the vascular tissue. The hyperaccumulator showed a more pronounced tendency than other taxa to store Se (but not S) in young leaves and reproductive organs. This tendency may suggest a difference in source-to-sink Se movement between hyperaccumulators and nonhyperaccumulators as well as between Se and S movement in hyperaccumulators. While the mature leaves to roots concentration ratios were similar for Se and S, there were large differences when the Se ratios for the young leaves to roots and young leaves to mature leaves were compared with those for S ( Fig. 4 ) , which indicate preferential movement of Se over S to sink tissues. However, this trend is only found in Stanleya . Brassica juncea showed identical Se and S translocation ratios in young leaves to roots, while Stanleya translocated 5-6 times more Se than S. Thelypodium laciniatum showed a similar pattern to B. juncea with similar Se and S translocation ratios, albeit much
